The dimer Mott insulator κ-(BEDT-TTF) 2 Cu 2 (CN) 3 exhibits unusual electrodynamic properties. Numerical investigations of the electronic ground state and the molecular and lattice vibrations reveal the importance of the Cu 2 (CN) 3 − anion network coupled to the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) molecules: The threefold cyanide coordination of copper and linkage isomerism in the anion structure cause a loss of symmetry, frustration, disorder, and domain formation. Our findings consistently explain the temperature and polarization-dependent THz and infrared measurements, reinforce the understanding of dielectric properties, and have important implications for the quantum spin-liquid state, which should be treated beyond two-dimensional, purely electronic models. DOI: 10.1103/PhysRevB.93.081201 In the field of quasi-two-dimensional strongly correlated electron systems, the κ salts of the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) family have attracted considerable interest [1] because their triangular arrangement of the dimers is close to geometrical frustration leading to the first realization of spin-liquid behavior in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 [2] . The antiferromagnetic exchange coupling among the dimers is rather strong (J ≈ 250 K), however, neither the magnetic order nor structural distortions have been detected down to lowest temperatures. Despite enormous theoretical and experimental efforts, the nature of this phase is still inconclusive and the question of a possible gap in the spin excitations remains open [3] [4] [5] [6] . From the residual spin susceptibility and the power-law temperature dependence of the NMR spin-lattice relaxation rate, low-lying spin excitations are concluded, while their contribution to the optical conductivity is still under discussion [7] [8] [9] .
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In the field of quasi-two-dimensional strongly correlated electron systems, the κ salts of the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) family have attracted considerable interest [1] because their triangular arrangement of the dimers is close to geometrical frustration leading to the first realization of spin-liquid behavior in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 [2] . The antiferromagnetic exchange coupling among the dimers is rather strong (J ≈ 250 K), however, neither the magnetic order nor structural distortions have been detected down to lowest temperatures. Despite enormous theoretical and experimental efforts, the nature of this phase is still inconclusive and the question of a possible gap in the spin excitations remains open [3] [4] [5] [6] . From the residual spin susceptibility and the power-law temperature dependence of the NMR spin-lattice relaxation rate, low-lying spin excitations are concluded, while their contribution to the optical conductivity is still under discussion [7] [8] [9] .
Interacting spins on a triangular lattice cannot order in a simple antiferromagnetic ground state; quantum fluctuations prevent a stable spin-liquid phase in the presence of finite hopping t and electronic repulsion U . More advanced microscopic models have been put forward to explain the properties of κ-BEDT-TTF salts [10] [11] [12] [13] based on the presence of charge dipoles on the dimers which couple to spin degrees of freedom and thereby prevent ordering. While the electronic order has been proven in related compounds [14] in which the intradimer Coulomb repulsion U is reduced with respect to intersite interaction V , the ratio V /t is of minor relevance in the case of κ-(BEDT-TTF) 2 Cu 2 (CN) 3 , called κ-CN (Fig. 1) . The anomalous dielectric response observed in the kHz and MHz range below 60 K [20, 21] evidences some unexpected charge excitations in the spin-liquid state which must be explained satisfactorily. Recently, time-domain optical measurements rendered a rather broad absorption band around 1 THz that develops below T ≈ 80 K. Itoh et al. [22] attributed it to collective excitation of intradimer electric dipoles. However, NMR, Raman, and infrared spectroscopies rule out any sizable charge imbalance all the way down to low temperatures [23] [24] [25] .
In order to shed light on the excitation properties in the quantum spin-liquid state in general, and the prototypical dimer system κ-CN in particular, we have performed broadband optical investigations with an emphasis on the THz and far-infrared spectral range complemented by the first extensive density-functional theory (DFT) calculations of the electronic structure and vibrational properties. Thereby we bridge the gap between microscopic models and macroscopic observations. We find that in κ-CN not only the triangular arrangement of the dimers is important, but also the anions exhibit intrinsic frustration and disorder due to polar cyanide links between the threefold bound Cu ions. Specifically, we make clear that the low-energy modes in the THz range are lattice vibrations rather than collective dimer excitations: the dominant motion of the Cu 2 (CN) 3 − anions is strongly coupled to the BEDT-TTF dimers.
The in-and out-of-plane infrared reflectivity of κ-CN single crystals was measured with 1 cm −1 spectral resolution using several Fourier-transform spectrometers equipped with proper polarizers in order to probe the electrodynamic response in different directions and at the temperatures 300 K > T > 5 K. The optical conductivity is obtained by standard KramersKronig analysis (for further details see Refs. [9, 25] ). At very low frequencies ν < 45cm ∧ = 1.5 THz, we were able to perform transmission experiments on a very large single crystal (2×4 mm 2 ) as for T 100 K the absorption becomes small enough. Employing a coherent source THz Mach-Zehnder interferometer [26] both the amplitude and phase change can be measured independently with high spectral resolution and accuracy. The optical conductivity is directly calculated 2 Cu 2 (CN) 3 they are arranged in dimers, which constitute an anisotropic triangular lattice within the bc conduction layers. (c) These BEDT-TTF layers are sandwiched along the a axis by insulating anion sheets. The polymerized Cu 2 (CN) 3 − form interconnected elongated hexagons with the terminal ethylene groups of a BEDT-TTF dimer fitting into the opening. The ratio of the interdimer transfer integrals is close to unity: t /t ≈ 0.83 [15, 16] ; the intradimer transfer integral t d ≈ 0.2 eV [17, 18] . With U ≈ 2t d [19] , one obtains at ambient conditions U/t = 7.3; a slight variation of U and orbital overlap t causes magnetic order, on the one hand, and superconductivity, on the other hand.
by Fresnel's equations and plotted in Fig. 2 for different polarizations and temperatures as indicated. The corresponding permittivity is shown in Fig. S1 of the Supplemental Material [27] .
For actually two distinct features become very prominent at low temperatures. In accord with Ref. [22] , the peaks grow for T < 60 K; they have a rather unusual sawtooth shape that can only be fitted satisfactorily by two Fano functions and a Lorentzian on top of a power-law background [9] . In order to assign and finally understand the observed vibrational features, we have carried out first-principles calculations of the electronic structure in the framework of the DFT as implemented in the VASP code using the projector augmented-wave method [27] [28] [29] [30] [31] . The structural data obtained by x-ray investigations at T = 100 K are solved in P 2 1 symmetry and reduced to P 1 which turns out to be the relaxed structure of lowest energy. The obtained electronic band structure of the κ-CN system is in accord with previous calculations [15, 16] and plotted in Fig. S3 ; two antibonding bands of BEDT-TTF molecules cross the Fermi level and the bonding bands lie well below it. The overall cation-derived character of κ-CN band structure around the Fermi level is also confirmed by the rigid band shift of molecular subsystem alone that is induced by the charge transfer of nearly two electrons [27] . Despite the cation-band character around the Fermi level, the anion layer turns out to be crucial for the full understanding of this charge transfer salt.
Hence we now turn to the Cu 2 (CN) 3 − network; in • , θ 2 = 102.3
• ,θ 3 = 138.8
• ) is closer to the ideal 120
• than for other polyanions [37] . This constellation is prone to frustration, disorder, and domain formation.
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the energy range of a few hundred meV known for a cyanide flip in the case of linkage isomerism [31] [32] [33] . Even more interesting are the two bridging links c 1 and c 2 for which the cyano groups are directed dominantly along the c axis. Commonly the structure is solved within the P 2 1 /c symmetry implying that due to the linkage isomerization they sit at inversion centers, i.e., the orientation is stochastic [34] . Recent x-ray scattering studies [21] already suggested that the lower symmetry group may be more relevant; this is now confirmed by the present calculations as well as by the targeted structural studies [35] : the crystallographic structure of κ-CN is best characterized by the low symmetry group P 1. The energy minimum is reached for both c-cyanides aligned in the same direction as pictured in Fig. 3 . However, the energy difference relative to the situations of reversed (parallel as well as antiparallel) cyanides is only 10-15 meV, i.e., one order of magnitude less than for the inversion of cyanides in the b chains. From the Cu-ion point of view, the linkage isomerism causes frustration as they may be coordinated to two C and one N atom, or to one C and two N, paving the way for intrinsic disorder. The consequence is a local rearrangement of the lattice. Naturally, the domains of local order of one or the other preferential direction will form. Coupling via hydrogen bonds to the ethylene groups extends the distortions of the anion network onto the BEDT-TTF layers. This fact might explain the relaxorlike low-frequency dielectric response observed previously [20, 21] .
The phonon modes are calculated with the PHONOPY code [36] using the DFT-derived force constants [28] . Among the 360 vibrations obtained in the spectral range up to approximately 3000 cm −1= 90 THz [27] let us consider first the stretching motion of the anions where the cyanides move between the heavy Cu ions basically without affecting the other constituents. The 2139 cm −1 feature observed for E c (Fig. 4) can be assigned to vibrations of the c 1 and c 2 groups calculated to appear at ν 327 = 2131.8 cm oscillate at 2089.9, 2095.1, 2101.6, and 2106.8 cm −1 and can be associated with the double structure seen in Fig. 4 at 2113 and 2118 cm −1 for T = 100 K, as an example. Other cyanide modes are identified at around 320 and 500 cm −1 (cf. Fig. S2 ). The important result from our infrared data is a rather strong anisotropy of the cyanide vibrational features. The bridging c 1 and c 2 groups possess larger force constants than the four b-type CN groups. This may be due to shorter and more rigid Cu-CN-Cu bonds, implying steeper potentials for the bridging than for the four b-type CN groups. Such a contribution prevails over the standard charge-density term. Namely, our calculations of the cation-anion interactioninduced charge distribution demonstrate that at the cyanide sites the electron density is enhanced compared to the bare one without the BEDT-TTF molecules; this effect is much stronger along the b chains than along the bridging c axis (Figs. S4 and S5 ).
More remarkable, however, are the pronounced modes in the THz range, which involve bending and twisting motions of larger entities, or of the anions as a whole. Our calculations evidence that these low-energy features contain the anions as well as the BEDT-TTF cations, i.e., they are lattice phonons rather than molecular vibrations [38] [39] [40] . The cyano groups in κ-CN possess static dipole moments and interact with BEDT-TTF molecules; these polar links are found to be larger for the four b-type cyanides than for the bridging c 1 and c 2 bonds (Fig. S5) .
The computed frequencies of the long-wavelength vibrations are in good agreement with the measured optically excited phonons in the THz range (see Fig. 2 ), as demonstrated in Table I . For E b two modes are calculated to appear at ν 9 = 38.2 and at ν 11 = 40.5 cm −1 , which involve coupled cation-anion motion: bending of the complete dimer followed by shear and waving motion of the anion layer. The outer rings of BEDT-TTF are particularly affected by the higher-frequency excitation. The corresponding features for E c are related to twist motions of the BEDT-TTF dimer with a strong involvement of the ethylene groups; again the dimer motion is coupled to shear motion of the anion layer.
The phonon line shape for the two polarizations shown in Fig. 2 is notably different: in the case of E b they exhibit a simple Lorentzian structure, whereas for E c these are asymmetric Fano-like line shapes. In the first case the photons couple directly to the optical phonons [41] ; the effect becomes even stronger as the charge density in the anion layers is enhanced along the b direction by the cation-anion interaction. For the c polarization, additional resonant interactions with a continuum of excitations must be invoked to cause Fano-interference effects. Spinons have been suggested as candidates for these low-energy excitations responsible for the concomitant increase of the background THz conductivity [7, 8] . However, the experimentally observed exponents differ by more than a factor of 2 from the theoretically predicted ones [9] . Alternatively, the excitation continuum in the THz range may be associated with intraband electronic excitations, i.e., the creation of soft electron-hole pairs across the Fermi level in the Z and Y directions of the first Brillouin zone (cf. Fig. S3 ). However, photons cannot induce these electronic transitions directly because of momentum conservation. The mechanism of resonant excitation of electron-hole pairs by optical phonons [42] requires that one photon simultaneously creates an intraband electron-hole pair and a sub-THz phonon with opposite momentum in the end vertices of the optical response function. Such interactions are discussed in detail in Ref. [41] . Together with the selection rules favoring the photon coupling to intraband excitations for E c, this excitation scenario can explain the different line shapes seen in Fig. 2 . The intensity of the phonon peaks diminishes as the temperature increases. This may indicate that the phase space for the excitation of soft electron-hole pairs across the Fermi level becomes blurred; the smearing of sharp phonon features in electron-phonon interactions may also be caused by enhanced anharmonic couplings. Our findings demonstrate that the strong THz features cannot be caused by collective excitations of the electric dipoles fluctuating within the dimers as suggested in Ref. [22] . Rather, they are due to the coupled BEDT-TTF-anion vibrations involving the entire lattice. The relation to the low-frequency dielectric response that occurs below T ≈ 60 K [20] is certainly not by microscopic dipoles within the BEDT-TTF dimers which have been ruled out by vibrational spectroscopy [25] . Instead we suggest that the relaxor ferroelectric mode is related to the charge inhomogeneities caused by frustration and disorder in the triangular pattern of the Cu 2 (CN) 3 − anion layers originating in the isomorphism in the cyanides which carry a rather strong dipole moment. The coupling of organic molecules to the anion layers via the ethylene groups imposes large-scale charge inhomogeneities and domain walls onto the BEDT-TTF layer. This is in fact what is observed in the macroscopic dielectric response [20, 21] . Our conclusions are in line with calculations [43] that show the essential role of anions at the charge ordering transition of α-(BEDT-TTF) 2 I 3 . In the present case, however, no static charge order develops but two highly frustrated subsystems interact.
Our comprehensive experimental and numerical investigations of κ-(BEDT-TTF) 2 Cu 2 (CN) 3 combine optical measurements with the electronic structure and vibrational dynamics calculations. They enable us to understand how the intrinsic Cu 2 (CN) 3 − anion structure causes frustration, disorder, loss of symmetry, and domain formation. Thereby we can consistently explain the absence of charge disproportionation on the BEDT-TTF dimers, the signatures of cyanide vibrations, the pronounced anisotropic phonon modes in THz regime, and the relaxorlike dielectric response occurring below T = 60 K. The intrinsic domain structure and frustration within the coupled BEDT-TTF and Cu 2 (CN) 3 − anion system are the origin of the electrodynamic response. This immediately implies that the interaction with the anion layer and the structure of the Cu 2 (CN) 3 − network is crucial for understanding the quantum spin-liquid state in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 . Further experimental and theoretical studies will clarify whether this higher level of complexity provides the missing link to stabilize this unusual ground state.
We would like to thank P. Foury, V. Ilakovac, J.-P. Pouget, and G. Saito for many enlightening discussions. We ac Using a Mach-Zehnder interferometer in the frequency domain allows us to measure independently the optical transmission and phase change in the THz frequency range from 6 to 46 cm −1 with an extremely high spectral resolution of 0.05 cm −1 . The frequency dependent conductivity σ(ν) and permittivity ϵ(ν) are then calculated by using Fresnel's equations for each frequency [S1, S2] without assuming any model. In Fig. S1 the optical conductivity (reproduced from Fig. 2 of the main text) is complemented by the permittivity for both polarizations E ∥ b and E ∥ c at different temperatures. It is interesting to note the pronounced anisotropy in the dielectric constant: for the lowest frequency we find ϵ b ≈ 30 while ϵ c ≈ 50 in the c-direction is more or less independent on temperature. This observation is in accord with the anisotropic response in the conductivity. 
II. INFRARED VIBRATIONS
Besides the THz lattice vibrations displayed in Fig. S1 and the typical molecular vibrations in fingerprint midinfrared regime, plotted in Fig. 4 of the main paper, we do also observe characteristic features of the cyanide vibrations in the far-infrared spectral range, as displayed in Fig. S2 . These features are associated with vibrational motions of BEDT-TTF molecules with a strong participation of the ethylene groups. The mode seen at 487 cm −1 for E ∥ c is related to a vibrational motion of the cyanide groups with respect to the copper ions. For E ∥ b two separated features are observed at 473 and 486 cm −1 , which are related mainly to the b 2 and b 4 bonds in one case and b 3 , b 4 and b 1 , b 2 in the other case.
It is interesting to note that for both polarizations the 455 cm −1 modes shift to higher frequencies when the temperature is reduced from T = 300 K to 50 K, but seem to red-shift slightly at lower temperatures. The 487 cm 
III. COMPUTATIONAL DETAILS, ELECTRONIC STRUCTURE AND VIBRATIONAL FREQUENCIES
We have employed the self-consistently implemented van der Waals density functional (vdW-DF) [S3, S4, S5] for correlation with optB88 for exchange [S6] . The expansion in plane waves was done with a cutoff energy of 700 eV, the Brillouin zone was sampled by 1 × 2 × 2 Monkhorst-Pack choice of k-points [S7] . We relaxed the full unit-cell shape/volume and the atomic positions til the forces on the atoms dropped below 1 meV/Å.
The electronic band structure of the whole κ-(BEDT-TTF) 2 Cu 2 (CN) 3 system is plotted by black lines in Fig. S3 ; two antibonding bands of BEDT-TTF molecules cross the Fermi level and the bonding bands lie well below it. Most interestingly, the generic cation bands (blue lines) calculated solely for the molecular subsystem exhibit the dimerization gap of approximately 0.5 eV, confirming the estimates from optical measurements [S8, S9, S10] . Hence, the overall cation-derived character of κ-(BEDT-TTF) 2 Cu 2 (CN) 3 band structure around the Fermi level is evident. Even though the band structure shape of the whole system around the Fermi level is fully determined by the molecular subsystem (as confirmed by the rigid band shift) -the position of the Fermi level alone is determined by the charge transfer (doping) between the anion and cation subsystems -showing strong coupling between the two. The importance of their interaction (through molecular band doping -i.e. charge transfer) is manifested through the system properties such as energy differences of the various structural configurations and phonon frequencies. anion layer in the bc plane. The electron density is enhanced (regions marked in red) at cyanide sites, much more along the chain b-axis than along the bridging c-axis. The largest electron density is concentrated in the vicinity of Cu sites; its distribution differs at Cu sites with two distinct triangular coordination which interchange along the chains in the b direction: Cu atom coordinated with two N atoms and one C atom, or Cu atom coordinated with two C atoms and one N atom. Table S I: Vibrational modes of κ-(BEDT-TTF)2Cu2(CN)3 in the far-and mid-infrared spectral range up to frequencies of approximately 100 THz obtained by ab-initio phonon calculations based on density-functional-theory (DFT). C1B0 indicates the lowest-energy configuration with parallel cyanides as shown in Fig. 4 of the main paper, while C2B0 refers to the configuration with reversed c2 cyanide which is higher in energy by 15 
